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A role for NBR1 in autophagosomal degradation of ubiquitinated
substrates
Abstract
Autophagy is a catabolic process where cytosolic cellular components are delivered to the lysosome for
degradation. Recent studies have indicated the existence of specific receptors, such as p62, which link
ubiquitinated targets to autophagosomal degradation pathways. Here we show that NBR1 (neighbor of
BRCA1 gene 1) is an autophagy receptor containing LC3- and ubiquitin (Ub)-binding domains. NBR1
is recruited to Ub-positive protein aggregates and degraded by autophagy depending on an
LC3-interacting region (LIR) and LC3 family modifiers. Although NBR1 and p62 interact and form
oligomers, they can function independently, as shown by autophagosomal clearance of NBR1 in
p62-deficient cells. NBR1 was localized to Ub-positive inclusions in patients with liver dysfunction, and
depletion of NBR1 abolished the formation of Ub-positive p62 bodies upon puromycin treatment of
cells. We propose that NBR1 and p62 act as receptors for selective autophagosomal degradation of
ubiquitinated targets.
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Autophagy is a catabolic process where cytosolic
cellular components are delivered to the lysosome
for degradation. Recent studies have indicated the
existence of specific receptors, such as p62, which
link ubiquitinated targets to autophagosomal degra-
dation pathways. Here we show that NBR1 (neighbor
of BRCA1 gene 1) is an autophagy receptor contain-
ing LC3- and ubiquitin (Ub)-binding domains. NBR1
is recruited to Ub-positive protein aggregates and
degraded by autophagy depending on an LC3-inter-
acting region (LIR) and LC3 family modifiers.
Although NBR1 and p62 interact and form oligomers,
they can function independently, as shown by auto-
phagosomal clearance of NBR1 in p62-deficient
cells. NBR1 was localized to Ub-positive inclusions
in patients with liver dysfunction, and depletion of
NBR1 abolished the formation of Ub-positive p62
bodies upon puromycin treatment of cells. We
propose that NBR1 and p62 act as receptors for
selective autophagosomal degradation of ubiquiti-
nated targets.
INTRODUCTION
Unfolded polypeptide chains pose an intrinsic threat to the cell’s
well-being. They are prone to aggregation, which adversely
affects redox status, free Ca2+ levels, and membrane perme-
ability, leading to cell damage and ultimately cell death (Stefani
and Dobson, 2003). In addition to the chaperones of the heat
shock protein family, which shield unfolded proteins from the
rest of the cytosol and assist in their refolding, components of
the ubiquitin(Ub)/proteasome system have been recognized to
play an important role in protecting the cell from the negativeMoleffects of protein misfolding and aggregation (Goldberg, 2003).
Polyubiquitination is a common posttranslational modification
associated with misfolded proteins and serves as a marker for
pathological protein inclusions, such as Mallory bodies in alco-
holic steatohepatitis or Lewy bodies in Parkinson’s disease
(Goldberg, 2003). Recognition of ubiquitinated cargo by the pro-
teasome is instrumental in clearing proteins from the cytosol and
the nucleus. However, oligomerization and aggregation of
unfolded polypeptides preclude the proteasome from degrading
this type of substrate and can even trap proteasomes, rendering
them nonfunctional (Rubinsztein, 2006). Macroautophagy (here-
after autophagy), the homeostatic mechanism by which cells
destroy bulky targets including complete organelles, seems to
be of significance in clearance of protein aggregates as well
(Rubinsztein, 2006). For instance, block in autophagy in vivo
results in accumulation of ubiquitinated protein aggregates and
can be associated with pronounced cell toxicity, as exemplified
by severe neurodegeneration in ATG5/ and ATG7/ mice
(Hara et al., 2006; Komatsu et al., 2006).
Autophagy is a catabolic pathway conserved from yeast to
mammals. It involves concerted action of more than 20 specific
ATG proteins that mediate the formation of a double-membrane
sack, the autophagosome, which confines the substrate and
delivers it to the lysosome for degradation. Interestingly, forma-
tion and expansion of the isolation membrane (the preautopha-
gosomal structure) in yeasts strictly depends on three Ub-like
(Ubl) proteins, ATG5, ATG12, and ATG8 (Ohsumi, 2001).
Whereas ATG12 is conjugated in a Ub-like fashion to a Lys
residue of ATG5, ATG8 is attached via its C-terminal Gly to the
amino group of phosphatidylethanolamine (PE), enabling its
anchoring to the isolation membrane of the autophagosome
(Ohsumi, 2001; Xie and Klionsky, 2007). In mammals, ATG8 is
represented by at least seven related proteins that fall into two
subgroups, LC3- and GABARAP-like proteins (He et al., 2003;
Xin et al., 2001). The Ub-fold found in various proteins represents
a common docking site for protein-protein interactions (Kirkin
and Dikic, 2007). We propose that at least some of the Ublsecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc. 505
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NBR1 in Autophagy of Ubiquitinated SubstratesFigure 1. NBR1 Interacts Directly with Mammalian Atg8 Family
Proteins
(A) Incidence of interacting clones encoding NBR1 versus p62 in yeast-two-
hybrid (Y2H) screens using scATG8, human LC3B, and GABARAPL2 as bait.
(B) Y2H retransformation assays confirming interactions between ATG8 family
proteins and indicated fragments of NBR1 or p62. Interaction was assessed by
yeast growth on SD-W/-L/-H medium and using a b-Gal assay.
(C) GST pull-down assays using cell extracts of HEK293T cells transfected
with plasmids encoding HA-tagged NBR1(D50R) or p62(K7A) and immobilized
GST or indicated GST fusions. Coprecipitated proteins were detected with
indicated antibodies.
(D) GST pull-down assays using (35S)-labeled in vitro translated HA-
NBR1(D50R)(DCC1) and immobilized GST or indicated GST fusions. Copreci-
pitated proteins were detected by autoradiography.
(E) Maltose-binding protein (MBP) pull-down assays with indicated ATG8
homologs as GST fusions and immobilized MBP, MBP-NBR1(D50R)(DCC1)506 Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Iinvolved in autophagosome formation could act as ligands for
receptor proteins that mediate recognition and targeting of ubiq-
uitinated substrates for their degradation via selective autoph-
agy. SQSTM1/p62 (named A170 in the mouse; hereafter p62)
is the first proposed example of such proteins (Bjørkøy et al.,
2005). It binds polyubiquitinated protein aggregates via its UBA
domain and interacts with LC3 on the autophagosome (Ichimura
et al., 2008; Komatsu et al., 2007; Pankiv et al., 2007). The rela-
tively mild phenotype of p62-null mice with regard to protein
aggregation (Komatsu et al., 2007; Ramesh Babu et al., 2008;
Wooten et al., 2008), however, suggests the existence of other
p62-like receptors that might compensate for the lack of p62
function in vivo.
In this report, we describe neighbor of BRCA1 gene 1 (NBR1)
as a bona fide interaction partner for mammalian ATG8 family
members. We show that endogenous NBR1 is found in
a complex with p62 and ATG8-family proteins in the cell, but
does not require p62 for its degradation by autophagy. Autopha-
gic clearance of NBR1 depends on the expression of ATG8-
family proteins and an LC3-interaction region (LIR) of NBR1.
Like p62, NBR1 binds Ub via the C-terminal UBA domain and
is required for the puromycin-induced formation of ubiquitinated
protein aggregates. NBR1 also forms inclusions upon knock
down of ATG8-family proteins. Importantly, endogenous NBR1
was found colocalized with p62 and Ub in Mallory bodies of alco-
holic steatohepatitis. NBR1 accumulated in the insoluble fraction
of both Atg7- and in Atg7/p62-double knockout livers. Collec-
tively, our data provide evidence that NBR1 is an autophagic
receptor for ubiquitinated cargo.
RESULTS
Identification of NBR1 as an Interaction Partner
for ATG8 Family Proteins
In yeast, ATG8 and ATG12 are conjugated to their respective
substrates, PE and ATG5, in an Ub-like fashion (Xie and Klionsky,
2007). We reasoned that, similar to Ub, ATG8-like proteins might,
upon conjugation to their substrates, create a binding surface for
autophagic adaptors. To test this hypothesis, we first screened
a human thymus cDNA library using S. cerevisiae (sc)ATG8 as
bait. This way we identified NBR1 as the most prominent candi-
date, occurring 11 times in the screen (Figure 1A). NBR1
possesses an N-terminal PB1 domain, a ZZ-type zinc finger,
and a C-terminal UBA domain, a domain organization closely
resembling that of p62. Importantly, p62 was also picked in the
ATG8 screen (Figure 1A). We verified the observed interaction
between NBR1 and scATG8 in yeast by retransforming the iso-
lated prey vector encoding a partial C-terminal sequence (amino
acids 691–966) of NBR1 into the yeast strain expressing scATG8
as bait (Figure 1B). Importantly, several other Ubls, such as
SUMO-1 and ATG12, did not interact in the yeast-two-hybrid
assay, supporting the specificity of the observed interaction
(Figure 1B). In additional yeast-two-hybrid screens, NBR1 and
and MBP-p62(R21AD69A). Co-precipitated proteins were detected with
anti-GST antibodies. The asterisks indicate the full-length NBR1 and p62
MBP fusion proteins, respectively. WB represents western blot.nc.
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NBR1 in Autophagy of Ubiquitinated Substratesp62 were identified as GABARAPL2 interacting proteins whereas
only p62 was recovered as an LC3 interaction partner
(Figure 1A). The retransformation assay strongly corroborated
these results (Figure 1B).
NBR1 Binds to Human ATG8 Homologs In Vitro
Our yeast-two-hybrid interaction data suggest that NBR1
directly interacts with members of the mammalian ATG8 family.
To more rigorously test this hypothesis, we performed gluta-
thione S-transferase (GST) pull-down assays using extracts
from HEK293 cells overexpressing an HA-tagged NBR1(D50R)
mutant, which lacks the ability to bind p62 (Lamark et al.,
2003) (Figures S1A and S1B, available online), and GST fusions
of six human ATG8 homologs: GABARAP, GABARAPL1,
GABARAPL2, LC3A, LC3B, and LC3C. Indeed, NBR1 interacted
with all these members of the mammalian ATG8 protein family
(Figure 1C). NBR1 and NBR1(D50R) from HEK293 cell extracts
also coprecipitated with GST-Ub and GST-4xUb, but not with
other Ubls, such as GST-ISG15, GST-Ufm1, or GST-Urm1
(Figure 1C and Figure S1C). GST pull-down experiments using
HEK293 cells overexpressing HA-p62(K7A) (a mutant with
ablated NBR1 binding; Lamark et al., 2003) produced very
similar data (Figure 1C).
To verify the interaction between NBR1 and ATG8 homologs in
a cell-free environment, we prepared a monomeric form of NBR1
by deleting its coiled-coil (CC1) domain, which we mapped to be
responsible for NBR1 self-interaction (data not shown). In vitro
translated HA-NBR1(D50R)(DCC1) was then incubated with
GST fusions of the human ATG8 homologs. Again, all ATG8
homologs were found to have similar affinity for NBR1
(Figure 1D). A similar result was obtained with the oligomeric
HA-NBR1(D50R) and, as expected, self-interaction of NBR1
increased the amount of coprecipitated protein (data not shown).
No binding was observed for the Ubls Urm1, Ufm1, and ISG15
(Figure S1D). Finally, we confirmed direct binding between
NBR1 and ATG8 homologs by using purified recombinant
proteins (Figure 1E).
NBR1 Is Found in a Complex with Mammalian ATG8
Family Members In Vivo
To determine whether endogenous NBR1 forms a complex with
ATG8 family members in vivo, we performed coimmunoprecipi-
tation experiments using wild-type (WT) mouse embryonic fibro-
blasts (MEFs), p62/ MEFs, and ATG5/ MEFs transfected
with human ATG8 homologs fused to green fluorescent protein
(GFP). Using anti-GFP antibodies for immunoprecipitations, we
found that endogenously expressed NBR1 and p62 did copreci-
pitate with GFP-LC3B, GFP-GABARAPL2, and GFP-GABARAP
(Figures 2A and 2B). We noticed that the level of NBR1 was
several times higher in extracts from ATG5/ MEFs compared
with WT MEFs (Figure 2A). This is apparently due to the strongly
reduced levels of autophagy of Atg5/MEFs (Kuma et al., 2004;
Mizushima et al., 2001). Importantly, NBR1 binds ATG8 homo-
logs even in the absence of p62, albeit more protein was copuri-
fied from WT MEFs (Figure 2A). By immunopurifying GFP-LC3B
from liver extracts of heterozygous p62+/ and homozygous
p62/ mice, we confirmed the interaction of endogenousMoNBR1 with LC3, also in the absence of p62 (Figure 2C). However,
more NBR1 was copurified from liver lysates containing p62.
Clear colocalization between endogenous NBR1 and LC3
proteins was observed in cytoplasmic speckles in WT MEFs
(Figure 2D). A similar colocalization pattern was observed in
p62/ MEFs (Figure 2D). Hence, the interaction between
NBR1 and LC3 can occur in vivo independent of p62. Inhibition
of autophagic degradation using the specific V-ATPase inhibitor
bafilomycin A1 led to accumulation of colocalized LC3 and
NBR1 in vesicle-like structures in both WT and p62/ MEFs
(Figure 2D). Similarly, GFP-LC3B, GFP-GABARAP, and GFP-
GABARAPL2 colocalized strongly with endogenous NBR1 in
cytoplasmic structures, suggesting that NBR1 can bind various
ATG8 family members in vivo (data not shown).
Mapping of LC3-Interacting Region in NBR1
p62 binds mammalian ATG8 family members via a linear peptide
sequence LIR. This sequence is distinguished by a motif of three
consecutive acidic amino acids followed by a Trp residue (Ichi-
mura et al., 2008; Pankiv et al., 2007). We speculated that
a similar sequence might be present in the C-terminal region of
NBR1 pulled out in the yeast-two-hybrid screen. Deletion
mapping identified an LIR in NBR1 encompassing amino acids
727–738 (Figures 3A and 3B). Alignment with the p62 LIR
suggests that the Tyr residue (Y732) in NBR1-LIR corresponds
to the Trp residue (W338) found in the human p62-LIR
(Figure 3A). This residue is also preceded by two acidic amino
acids and NBR1 contains a hydrophobic Ile residue where p62
has a Leu residue that fits into a hydrophobic pocket of LC3 (Ichi-
mura et al., 2008). Indeed, NBR1(718–763) containing a Y732A
mutation failed to precipitate GFP-ATG8 proteins, confirming
that NBR1 contains an LIR motif (Figure 3B). We then tested
whether the deletion of this sequence would ablate binding of
NBR1 to ATG8 family proteins. To our surprise, C-terminal trun-
cations of NBR1 to amino acid 636 retained their LC3-interaction
property (Figure S2A). We mapped this second LC3-binding site
(designated ‘‘LIR2’’) to the region between amino acids 542 and
636 (Figure S2C). Our attempts to further narrow down the ATG8
binding motif were not successful because the stability of
recombinant proteins of shorter size was severely compromised
(data not shown). To determine the functional significance of
each of the LIR sequences, we performed GST pull-down exper-
iments using GST-LC3B, GST-GABARAP, and GST-GABAR
APL2 and in vitro translated HA-NBR1(D50R)(DCC1) carrying
an inactivating point mutation in LIR (Y732A), a deletion of LIR2
(D540-636), or both. Clearly, NBR1 lacking both functional LIRs
was not precipitated, whereas mutants lacking the function of
just one of the LIRs were both precipitated together with the
ATG8 homologs (Figure 3C). These results support the conclu-
sion that both LIRs can individually interact with ATG8 homologs
in vitro. However, in HEK293 cell extracts, the HA-
NBR1(D50R)(DCC1)(DLIR1) mutant bound very weakly to GST-
LC3 and GST-GABARAPL2, whereas DLIR2 was able to interact
strongly (Figure S2D). Also, yeast-two-hybrid assays confirmed
the interaction between NBR1 LIR (718–742) and ATG8 proteins
(Figure 1B), whereas LIR2 did not show significant interaction
with ATG8 proteins (data not shown). Thus, we conclude thatlecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc. 507
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NBR1 in Autophagy of Ubiquitinated SubstratesNBR1 LIR (amino acids 727–738) is the major interaction surface
for ATG8-like proteins in vivo.
The N- and C-terminal domains of LC3B are both needed for
the interaction with p62 and point mutations in either domain
affect this interaction (Ichimura et al., 2008; Shvets et al.,
2008). We found this also to be the case for NBR1, suggesting
the similarity of the two LIR interactions (Figure 3D).
NBR1 Is Degraded by Autophagy in an LIR-Dependent
Manner
As we have previously described, p62 is targeted to lysosomes
via its interaction with LC3 (Bjørkøy et al., 2005; Pankiv et al.,
2007). Because NBR1 interacts with both p62 (Lamark et al.,
2003) and mammalian ATG8 proteins, we tested whether it can
Figure 2. Endogenous NBR1 Is Found in a Complex
with Mammalian ATG8 Family Proteins
(A and B) Coimmunoprecipitation of endogenous NBR1 or p62
with GFP or indicated GFP fusions from cell extracts of WT
MEFs, p62/ MEFs, or ATG5/ MEFs transfected with plas-
mids encoding GFP or indicated GFP fusions (24 hr after trans-
fection). Extracts and precipitates were analyzed by western
blot using indicated antibodies. The asterisk denotes an
unspecific band.
(C) Coimmunoprecipitation of endogenous NBR1 with GFP-
LC3B from liver lysates of control and p62-deficient mice
harboring GFP-LC3. As a negative control, we used the lysate
from p62 heterozygote without GFP-LC3. Lysates and precip-
itates were analyzed by western blot using indicated anti-
bodies.
(D) Colocalization of endogenous NBR1 with endogenous LC3
in WT and p62/ MEFs untreated or treated with bafilomycin
A1 for 16 hr as observed by confocal laser scanning micros-
copy (LSM), after staining with the indicated antibodies. Bars
represent 10 mm; WB, western blot; IP, immunoprecipitation.
be targeted to lysosomal degradation by autoph-
agy. To this end, we first transfected cells with
NBR1 and checked whether it colocalizes with
lysosomes visualized by LysoTrackers. We
observed a significant colocalization between
LysoTracker Green and NBR1 fused to the acid-
stable mCherry tag (Figure 4A, upper panel).
Some, but significantly less, colocalization was
also observed between LysoTracker Red and
NBR1 fused to the acid-labile enhanced GFP tag
(data not shown). Externally added dextran, which
is delivered to lysosomes via endocytosis, also
strongly colocalized with NBR1 (Figure 4A, lower
panel). We then tested whether lysosomal inhibition
would result in accumulation of endogenous NBR1
in HeLa cells. Indeed, although very low levels of
NBR1 could usually be detected in untreated cells,
addition of bafilomycin A1 resulted in dramatic
stabilization of the protein (Figure 4B). In fact,
time course experiments using lysosomal inhibition
by bafilomycin A1 showed that NBR1 is turned over
by lysosomes considerably faster than p62
(Figure 4B). Importantly, the level of NBR1 mRNA in cells treated
with bafilomycin A1 was not significantly increased (Figure 4C).
The role of the proteasome in NBR1 protein stability was
addressed by using the proteasomal inhibitors epoxomycin
and proteasome inhibitor I. This treatment alone did not signifi-
cantly alter NBR1 protein level (Figure 4D).
Another piece of evidence that autophagy is responsible for the
continuous clearance of endogenous NBR1 from the cytosol
comes from studies using ATG5/ MEFs, which show reduced
levels of autophagy (Kuma et al., 2004). There, NBR1 levels are
increased asvisualizedbybothwestern blotanalysisand immuno-
fluorescence (Figure2A and datanot shown). Inaddition, asshown
in Figure 2D, bafilomycin A1 treatment leads to accumulation of
NBR1 in vesicle-like structures, both in WT and p62/ MEFs.508 Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc.
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NBR1 in Autophagy of Ubiquitinated SubstratesGiven targeting of NBR1 to lysosomes and its fast degrada-
tion dynamics, we tested whether mutation of LIR, and hence
loss of ATG8 binding, would affect protein stability. mCherry-
GFP double-tagged NBR1(D50R)(DCC1) with either LIR or
LIR2 deleted were transfected into HeLa cells. Strikingly,
whereas the DLIR2 mutant showed largely uniform cyto-
plasmic distribution (with some signs of aggregation) and
partial loss of GFP fluorescence (as a result of the entry into
lysosomes), the DLIR mutant form of NBR1(D50R)(DCC1)
formed many aggregates that were positive for GFP, indicating
failure of lysosomal delivery of this mutant (Figure 4E). Western
blot analysis of the stability of individual LIR mutants showed
that LIR deletion leads to substantial stabilization of NBR1 in
transfected cells and pronounced insensitivity to the bafilomy-
cin A1 treatment. Deletion of LIR2, on the contrary, did not
affect NBR1 protein stability in transfected cells (Figure 4F).
Coexpression studies confirmed that the DLIR mutant
Figure 3. NBR1 Interacts with ATG8 Family
Proteins via an LIR Motif Related to That
Found in p62
(A) A schematic map of NBR1 showing the domain
organization and the deletion constructs used to
identify LIR. An alignment of LIRs in NBR1 and
p62 is shown underneath, with the Y732A point
mutation indicated.
(B) GST pull-down assays using extracts of
HEK293 cells transfected with plasmids encoding
GFP or indicated GFP fusions (48 hr after transfec-
tion) and immobilized GST or indicated GST-
NBR1 deletion fragments. Coprecipitated proteins
were detected with anti-GFP antibodies.
(C) GST pull-down assays using in vitro translated
(35S)-labeled HA-NBR1(D50RDCC1) constructs,
with LIR mutated (Y732A) or LIR2 deleted (D540-
636) as indicated and immobilized GST or indi-
cated GST fusions. Coprecipitated proteins were
detected by autoradiography.
(D) GST pull-down assays using in vitro translated
(35S)-labeled HA-NBR1(D50R)(DCC1) or HA-
p62(R21A/D69A) and immobilized GST or indi-
cated GST-LC3B constructs. Precipitated
proteins were detected as in (C).
was unable to interact in vivo with
GFP-LC3B and GFP-GABARAPL2
(Figure S3).
NBR1 Can Be Degraded by
Autophagy Independent of p62
Because p62 and NBR1 can interact
(Lamark et al., 2003) and form a complex
in vivo (Figure 2), we asked whether
recruitment of NBR1 to lysosomes is
dependent on p62. To answer this ques-
tion, HeLa cells were first transfected
with control siRNA oligonucleotides or
siRNA specific to either p62 or NBR1
and then treated with bafilomycin A1 to
assess protein stabilization due to the block in the lysosomal
degradation. Clearly, bafilomycin A1 treatment of HeLa cells
resulted in dramatic stabilization and accumulation of both
NBR1 and p62, which was not affected by the lack of either of
the interaction partners (Figure 5A, upper panel). Western blot
analysis of endogenous NBR1 and p62 confirmed the imaging
data (Figure 5B). Endogenous NBR1 also accumulated in
vesicle-like structures upon lysosomal inhibition in p62/
MEFs (Figure S4). When siRNA-treated cells were stained for
ubiquitinated proteins after bafilomycin A1 treatment, knock
down of both p62 and NBR1 strongly reduced the accumulation
of punctate ubiquitinated structures, suggesting the importance
of both proteins as receptors for autophagic degradation of
ubiquitinated targets (Figure 5A, lower panel). To verify that
NBR1 can be degraded independent of p62, we expressed
mCherry-GFP double-tagged NBR1 in HeLa cells together with
control siRNA or siRNA against p62. As expected,Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc. 509
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NBR1 in Autophagy of Ubiquitinated SubstratesmCherry-GFP-NBR1 was recruited into acidic vesicles indepen-
dent of p62 (Figure 5C). Furthermore, overexpression of
mCherry-GFP-NBR1(D50R) in WT, p62/, and ATG5/ MEFs
confirmed that autophagy of NBR1 can occur without p62 as
evaluated by the presence/absence of NBR1 in acidic (red
only) vesicles (Figure 5D). Collectively, these data provide strong
support to the idea that p62/NBR1 interaction per se is not the
prerequisite for the autophagic degradation of NBR1.
The UBA Domain of NBR1 Binds Ub In Vitro and In Vivo
Both NBR1 and p62 contain evolutionarily conserved UBA
domains at their C termini. Several UBA domains were shown
to bind to different Ub signals (mono-Ub versus different Ub
chains) with different specificity (Ikeda and Dikic, 2008). We
Figure 4. NBR1 Is Degraded by Autophagy in an LIR-
Dependent Manner
(A) Colocalization of mCherry-tagged NBR1 with LysoTracker
Green (50 nM for 30 min) or fluorescently labeled dextran
(2 mg/ml for 2 hr) in transfected HeLa cells (24 hr after trans-
fection). Error bars represent 5 mm.
(B) Western blot analysis of endogenous NBR1, p62, and
b-actin in cell extracts of HeLa cells grown in normal cell
culture medium with 0.2 mM bafilomycin A1 (Baf A1) for the
indicated time intervals. The NBR1 band intensities were
quantified and normalized against b-actin. Data are mean
and standard deviation (± SD) (error bars).
(C) Quantification of NBR1 mRNA levels by RT-PCR using total
mRNA isolated from HeLa cells treated for 12 hr either with
DMSO or 0.2 mM bafilomycin A1. GAPDH-specific primers
were used as an internal control. Data are mean ± SD (error
bars) of NBR1 mRNA in treated cells relative to control cells.
(D) Western blot analysis of endogenous NBR1 in extracts
from HeLa cells treated with DMSO, bafilomycin A1, or indi-
cated proteasome inhibitors for 12 hr.
(E) Confocal LSM of HeLa cells transfected with double-
tagged (dt) mCherry-GFP-NBR1(D50R) containing indicated
LIR deletions (24 hr after transfection).
(F) Western blot of extracts from HeLa cells transfected with
HA-NBR1(D50R)(DCC1) containing the indicated LIR dele-
tions and treated with either DMSO or 0.2 mM bafilomycin
A1 for 16 hr. Blots of the levels of endogenous p62 and
b-tubulin are included as controls.
therefore determined binding characteristics of
the NBR1-UBA/Ub interaction in vitro and in vivo.
The affinity of the NBR1 UBA domain for Ub was
measured by surface plasmon resonance and
compared with those of ubiquilin (UQ1)-UBA/Ub,
hHR23A-2-UBA/Ub, and p62-UBA/Ub. The UQ1
UBA has a strong affinity for Ub, whereas the
hHR23A-2 UBA has an intermediate affinity. The
Kd values for the tested control interactions were
in agreement with previous studies (Raasi et al.,
2005). Our analysis showed that the NBR1-UBA
domain has a relatively strong affinity for di-Ub
(Figures 6A and 6B). The Kd of the interaction
between the NBR1-UBA and K48-linked di-Ub
was 2.4 mM, compared with 0.4 mM for UQ1-UBA
and 5 mM for hHR23A-2-UBA. When comparing
the interaction with K48- and K63-linked di-Ub chains, NBR1
showed slight preference for the K63-linkage. The Kd for the
NBR1-UBA-mono-Ub interaction was 119 mM compared with
22 mM for UQ1-UBA and 540 mM for hHR23A-2-UBA
(Figure 6B). The isolated UBA domain of p62 bound too weakly
to di-Ub to enable Kd determination (Figure 6A).
In GST pull-down assays, the isolated UBA domain of NBR1
interacted strongly with both GST-Ub and GST-4xUb, whereas
full-length NBR1(D50R) bound rather weakly to GST-4xUb and
not to GST-Ub (Figure 6C). Hence, exposure of the UBA domain
might be restricted and regulated by other interactions in full-
length NBR1. As expected, deletion of UBA further impaired
the interaction of NBR1 with GST-4xUb, but so did also deletion
of CC1. In contrast to NBR1, full-length p62 bound much more510 Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc.
Molecular Cell
NBR1 in Autophagy of Ubiquitinated Substratesstrongly to GST-4xUb and GST-Ub than the isolated UBA
domain of p62 (Figure 6C). A strong binding was seen both
with polymeric WT p62 and with the monomeric R21A/D69A
mutant. Similar experiments, where NBR1 was mixed with
smaller amounts of p62, supported the conclusion that p62
has the strongest affinity for GST-4xUb, but neither WT nor
monomeric mutants of p62 appeared to affect the interaction
between NBR1 and GST-4xUb (Figure S5).
Next, we asked if NBR1 colocalizes with ubiquitinated proteins
in cells lacking p62. As shown in Figure 6D, overexpressed GFP-
Figure 5. NBR1 and p62 Can Be Degraded
by Autophagy Independent of Each Other
(A) Confocal LSM of HeLa cells transfected twice
with nontargeting control siRNA or NBR1- or
p62-specific siRNA. Before staining for endoge-
nous NBR1, p62, and ubiquitinated proteins, cells
were either left untreated or treated (16 hr) with
0.2 mM bafilomycin A1. Merged images of p62
(red) and NBR1 (green) staining are shown in the
upper panel. Nuclei were stained using DRAQ5.
The lower two panels show staining for Ub (FK2,
green) and p62 (red) of the same cells. All images
were obtained using identical settings in the
confocal microscope. The mean numbers of Ub-
positive structures per cell are indicated as bar
graphs with standard deviations as error bars.
Bars represent 10 mm.
(B) Western blot of endogenous NBR1 and p62 in
extracts from HeLa cells transfected with siRNA as
above.
(C) Confocal LSM (48 hr after transfection) of HeLa
cells transfected with dt mCherry-GFP-NBR1 and
indicated siRNA. Cells were stained for endoge-
nous p62. Bars represent 5 mm.
(D) WT, p62/, and ATG5/ MEFs transfected
with mCherry-GFP-NBR1(D50R) were analyzed
by confocal microscopy 48 hr after transfection.
Bafilomycin A1 was added for 16 hr as indicated.
Bars represent 10 mm.
NBR1(D50R) formed ubiquitinated protein
aggregates in p62/ MEFs, whereas
GFP-NBR1(D50R)DUBA showed only
diffuse distribution with no colocalization
to Ub-positive punctate structures. This
suggests that the UBA domain of NBR1
is directly involved in the formation of
Ub-positive aggregates in vivo.
NBR1 Localizes to p62- and
Ub-Positive Protein Aggregates
Defects in autophagy lead to accumula-
tion of ubiquitinated misfolded proteins,
which form p62-dependent protein
aggregates (Komatsu et al., 2007). p62
is thought to promote both aggregation
of ubiquitinated proteins and their subse-
quent degradation through autophagy
(Bjørkøy et al., 2005; Komatsu et al.,
2007; Pankiv et al., 2007). NBR1 interacts with p62, and we
therefore asked if NBR1 is present in p62 bodies. Indeed, anal-
ysis of p62 bodies formed under different conditions revealed
that NBR1 was present in such structures. For instance, NBR1
was present in the aggresome-like inducible structures (ALIS)
formed in HeLa cells in response to puromycin treatment (Pankiv
et al., 2007) (Figure S6A). Furthermore, NBR1 accumulated in
p62 bodies in autophagy-deficient Atg5/ MEFs (data not
shown). Similarly, NBR1 was found to be present in p62 and
Ub-containing inclusions formed after conditional knock out ofMolecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc. 511
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NBR1 could also play a role in aggregate formation and as an
autophagic receptor mediate their degradation. Indeed, induc-
tion of ALIS in HeLa cells in response to puromycin treatment
depended in part on the presence of NBR1 (Figure S6A). In addi-
tion, accumulation of polyubiquitinated protein species in the
Triton-X-100-insoluble fraction was reduced in NBR1-depleted
cells (Figure S6B). We then tested whether p62- and Ub-positive
aggregates induced as a result of knock down of ATG8 family
proteins (Shvets et al., 2008) contain NBR1. Indeed, knock
down of three LC3 isoforms produced p62-positive aggregates
that also contained NBR1 (Figure 7A). Knock down of GABARAP
and GABARAPL2 alone led to a similar phenotype, whereas
ablation of all LC3 isoforms plus GABARAP and GABARAPL2
gave the strongest aggregate accumulation (Figure 7A). Western
blot analysis confirmed accumulation of p62 and NBR1 in cells
treated with siRNA against ATG8 family members (Figure 7C).
We next tested whether NBR1 can alone support the forma-
tion of such structures by knocking down p62 in parallel to all
the relevant ATG8-like proteins. However, in the absence of
Figure 6. Ub Binding by the UBA Domain of NBR1
(A) Overlaid sensograms of the injection of K48- and K63
linked di-Ub across GST-UBA sensor chips in increasing
amounts. Purified GST fusions of UBA domains were cross-
linked onto CM5 chips (Biacore). A Biacore T100 was used
to analyze the binding between UBA domains and recombi-
nant di-Ub.
(B) Kd values for UBA-Ub interactions derived from surface
plasmon resonance analyses.
(C) GST pull-down assays using the indicated (35S)-labeled
in vitro translated forms of NBR1 and p62 (polymer = WT;
monomer = R21A/D69A mutant) and immobilized GST, GST-
Ub, or GST-4xUb. Coprecipitated proteins were detected by
autoradiography.
(D) p62/ MEFs transfected with GFP-NBR1(D50R) were
analyzed by confocal microscopy 48 hr after transfection
following staining of ubiquitinated proteins.
p62 aggregates did not form and NBR1-specific
staining remained diffuse (Figure 7B). On the other
hand, fewer p62 bodies were formed in cells after
knock down of NBR1 (Figures S8A and S8B). We
conclude that both NBR1 and p62 appear to be
responsible for the formation of Ub-positive aggre-
gates in response to autophagy inhibition, and that
fewer Ub-positive aggregates are formed if either
protein is lacking. That both proteins are not abso-
lutely required for the formation of such aggregates
is suggested by analysis of liver extracts following
knock out of ATG7. In the autophagy-deficient
livers, NBR1 accumulated in the Triton-X-100-
insoluble fraction even in the absence of p62
(Figure 7D).
We then asked if there is a compensation for the
loss of p62 by upregulation of NBR1 mRNA levels in
p62-knockout mice. However, quantification of
mRNA levels by real-time polymerase chain reac-
tion (RT-PCR) showed no significant upregulation of NBR1
mRNA in p62-knockout mice or such mice with an additional
conditional knock out of ATG7 (Figure 7E).
Because NBR1 appears to colocalize with p62 in aggregates
formed in mammalian cells, we asked if NBR1 is also present
in pathological protein aggregates formed in human patients.
We found indeed that NBR1 colocalizes with p62 and Ub in Mal-
lory bodies in the liver of a patient suffering from alcoholic stea-
tohepatitis (Figure 7F). Homogeneous cytoplasmic staining of
NBR1 in normal hepatocytes was generally weaker when
compared with p62. Based on this result, we propose NBR1 as
a marker for proteinaceous inclusions associated with various
pathologies.
DISCUSSION
Autophagy-Specific Ubls as Protein-Protein
Interaction Modules
The seven mammalian members of the ATG8 family of Ubl
proteins are ideal candidates for mediating interactions between512 Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc.
Molecular Cell
NBR1 in Autophagy of Ubiquitinated SubstratesFigure 7. NBR1 Localizes to Protein Aggregates Positive for p62
(A and B) Immunostaining of endogenous NBR1 and p62 in HeLa cells after knock down of LC3 family members (siLC3), GABARAP family members (siG16/GA-
BARAP), and/or p62 (sip62) (72 hr after transfection). Bars represent 20 mm.
(C) Western blot of HeLa cells transfected as in (A), using anti-NBR1, anti-p62, and anti-actin antibodies. Blot marked with an asterisk is the same as above but
with a longer exposure to visualize the presence of p62 in lane 1.
(D) Accumulation of NBR1 in Atg7- and Atg7/p62-deficient hepatocytes. Upper panel: Liver homogenates from mice of the indicated genotype 14 days after pIpC
injection were subjected to SDS-PAGE and immunoblotting with indicated antibodies. Bottom panel: Liver homogenates were separated into detergent (0.5%
Tx-100)-soluble (Sol.) and insoluble (Insol.) fractions. Each fraction was subjected to immunoblotting with indicated antibodies.
(E) Quantitation of NBR1 mRNA level in the indicated genotype 12 days after pIpC injection by RT-PCR. Total RNAs were prepared from the indicated genotype
mouse liver 12 days after pIpC injection. Data are mean and standard deviation (error bars) of p62 mRNA normalized to the amount in Atg7F/F liver.
(F) Paraffin sections (4mm thick) of formalin-fixed liver tissue were stained with indicated antibodies as explained in Experimental Procedures. Bars represent 35mm.Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Inc. 513
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NBR1 in Autophagy of Ubiquitinated Substratesthe nascent autophagosome and specific autophagic cargo. In
yeast, ATG8 interacts with the cargo receptor ATG19 to selec-
tively deliver the prApe1 protein into the vacuole (Shintani
et al., 2002). In the mammalian system, ATG8-like proteins
interact with p62, which sequesters ubiquitinated cargo and
delivers it into the autophagosome (Komatsu et al., 2007; Pankiv
et al., 2007). Here we show that NBR1 is an ATG8-interacting
protein that binds ubiquitinated cargo and is degraded by
autophagy.
Binding of NBR1 to ATG8 Family Proteins
in Comparison with p62
Both NBR1 and p62 bind all mammalian ATG8 homologs in vitro
and in vivo. Despite the similar overall domain architecture,
NBR1 and p62 are poorly conserved at the primary sequence
level and NBR1 is more than twice as large as p62. The LIR in
p62 (amino acids 332–342 in human p62) is distinguished by
a negatively charged cluster (D335, D336, D337) followed by a
conserved aromatic residue (W340) (Ichimura et al., 2008; Pankiv
et al., 2007). The LIR of NBR1 also contains acidic residues
(E730, D731) followed by an aromatic one (Y732), which is critical
for its function. The recently published structural analyses of the
p62-LIR:LC3B complex explains in molecular detail how such
a short linear motif can mediate the interaction with LC3B (Ichi-
mura et al., 2008; Noda et al., 2008). Thus, W340 and L343 of
the p62-LIR (corresponding to Y732 and I735 in NBR1) bind to
hydrophobic pockets conserved among ATG8 homologs and
the acidic region of the LIR interacts with a basic cluster (R10,
R11, and K49) on LC3B (Ichimura et al., 2008). Strikingly, the
yeast ATG19 protein, involved in selective autophagy in the cyto-
plasm-to-vacuole targeting pathway, interacts with ATG8 in
a similar manner using a WXXL motif where W and L dock into
hydrophobic pockets on ATG8 (Noda et al., 2008), Hence, there
is evolutionary conservation of this interaction and its use in
cargo receptors mediating selective autophagy like ATG19,
p62, and NBR1.
Our deletion mapping revealed a second, larger region in
NBR1 (LIR2) that can interact with ATG8 family proteins
in vitro. However, LIR2 alone did not interact in yeast (data not
shown) and LIR2 deletion did not affect NBR1 clearance by
autophagy. Further studies are required to determine the puta-
tive role of LIR2.
Autophagic Degradation of NBR1
Several lines of evidence suggest that NBR1 is an autophagy
substrate. Its protein level was not affected by proteasomal
inhibitors but was dramatically increased by blocking lysosomal
acidification. Transfected NBR1 readily colocalizes with lyso-
somal markers and targeting of NBR1 into lysosomes is depen-
dent on LIR. Downregulation of either LC3 or GABARAP (or both)
family members leads to stabilization and p62-dependent aggre-
gation of NBR1. Importantly, ATG7/ and ATG7/p62 double-
knockout mice as well as ATG5/ MEFs show accumulated
levels of NBR1.
Interaction of NBR1 with p62 and Ubiquitinated Cargo
The isolated UBA domain of NBR1 interacts with both mono-Ub
and di-Ub. Binding constants for these interactions are compa-514 Molecular Cell 33, 505–516, February 27, 2009 ª2009 Elsevier Irable with those published for other UBA domains and indicate
a slight preference for the K63 linkage (reviewed in Ikeda and
Dikic, 2008). As reported by others earlier, the isolated UBA
domain of p62 binds too weakly to di-Ub to enable a Kd determi-
nation (Raasi et al., 2005). Interestingly, full-length p62 binds
much better to GST-Ub and GST-4xUb than the isolated UBA
domain. This is particularly the case with WT, polymeric p62.
These findings support the in vivo relevance of p62 polymeriza-
tion for targeting ubiquitinated cargo for autophagy.
Unlike p62, which polymerizes via the PB1 domain, NBR1
forms oligomers via its CC1 domain. We assume that these
two proteins cooperate both in the recognition and clearance
of ubiquitinated cargo. They bind directly to each other via their
PB1 domains and may interact indirectly by recognizing Ub
chains via their UBA domains and by binding ATG8 family
proteins at the autophagosome. The latter probably accounts
for the fact that in immunoprecipitation experiments, in the
p62/ MEFs and in livers from p62/ mice, we see a reduced
association of NBR1 with LC3 compared with the WT controls.
A Role for NBR1 and p62 in Forming Protein Aggregates
Strikingly, NBR1 was required for formation of puromycin-
induced p62 bodies/ALIS, which can be viewed as temporary
repositories of misfolded polyubiquitinated proteins (Pierre,
2005). Similarly, formation of p62-dependent aggregates was
attenuated in LC3- and GABARAP-deficient HeLa cells, when
NBR1 was downregulated by RNA interference. This suggests
a certain degree of interdependence of p62 and NBR1 in the
process of aggregate formation. p62 bodies induced by cell
stress or by overexpression of p62 can be considered as well-
defined structures with distinct cellular functions. It is presently
unclear whether NBR1-containing aggregates formed in cells
lacking p62 can substitute for any of the functions mediated by
functional p62 bodies. Aggregation of NBR1 was seen mainly
in p62/ hepatocytes that were also deficient in autophagy
(ATG7/) (Figure 7D). In these cells, the level of NBR1 is dramat-
ically increased, which might contribute to the formation of
aggregates. It is also possible that p62/ cells can partially
compensate for the loss of p62 by inducing other mechanisms
involving NBR1 to form aggregated structures. Loss of p62 might
over time result in accumulation of ubiquitinated cargo that can
no longer be degraded by autophagy. The involvement of
autophagy receptors p62 and NBR1 in the formation of aggre-
gates is intriguing and implies a possible link between aggregate
formation and autophagy. The following model for the role of
NBR1 and p62 in aggregate formation and protein clearance
can be proposed: (1) misfolded proteins are ubiquitinated and
destroyed by the 26S proteasome; (2) under conditions of
increased misfolded protein production, soluble oligomeric
proteins accumulate and poly-Ub chains are conjugated to
soluble (toxic) oligomers; (3) ubiquitinated cargo is recognized
by NBR1 and p62 and delivered to the forming autophagosome
via interaction with membrane-bound ATG8 family proteins; (4)
simultaneously, if degradation of these soluble complexes is
incomplete, NBR1 and p62 promote formation of p62 bodies;
(5) both NBR1 and p62 participate in autophagic degradation
of p62 bodies (see Figure S9).nc.
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In muscle cells, NBR1 binds directly to the giant sarcomeric
protein kinase titin and mutations in titin that disrupt the binding
and localization of NBR1 and p62 cause hereditary muscle
disease in humans (Lange et al., 2005). A large group of patho-
logical conditions have been associated with the accumulation
of insoluble proteinaceous inclusions. These proteinopathies
seem to share a common etiological component: accumulation
of misfolded protein species that fail to be removed from the
cytoplasm or nucleus and eventually lead to the formation of
microscopically visible aggregates (Dobson, 2003). The prevail-
ing view is that the insoluble aggregates per se are not the cause
for the observed toxicity in patients. Rather, soluble, highly reac-
tive products of protein misfolding seem to interfere with impor-
tant cellular functions leading to death of sensitive cells, such as
terminally differentiated neurons (Rubinsztein, 2006). Ub and
p62 are the clinically relevant markers for inclusion bodies found
in the liver and the brain of affected patients. Moreover, NBR1
was also detected in Ub- and p62-positive Mallory bodies in
patients with alcoholic steatohepatitis (Figure 7). Presently, we
do not know whether NBR1 is an active component necessary
for the formation of pathological inclusions or a passive marker
of the process due to its interactions with p62 and Ub. In the liver,
p62 could be responsible for the inclusion formation, given the
lack of Ub-positive aggregates in ATG7/p62 double-knockout
mice (Komatsu et al., 2007). Generation of NBR1-knockout
mice and their crossing with p62-deficient mice will reveal the
contribution of NBR1 and p62 in developing protein inclusions
under different pathological conditions.
EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for further information
on cell lines, mouse strains and pathological samples, plasmid constructs,
yeast-two-hybrid screens, in vitro and in vivo protein interaction analysis,
immunohistochemistry, and antibodies used.
Plasmids
The different plasmids used in this study and the construction of different ex-
pression vectors are described in the Supplemental Experimental Procedures.
Yeast-Two Hybrid Assay
cDNAs corresponding to hATG12(DG), scATG8(DG), LC3B(DG), and GABAR
APL2/GATE-16(DG) were fused to the Gal4-DNA-binding domain and
screened for interacting proteins against a human thymus cDNA library as
described in Supplemental Experimental Procedures.
Protein Interaction Analyses
Interaction between recombinant, purified proteins, coimmunoprecipitation
assays of cellular proteins, and surface plasmon resonance analysis were per-
formed as described in Supplemental Experimental Procedures.
Antibodies
The antibodies used to detect NBR1 (Abnova and custom made), p62/
SQSTM1 (Abnova, BD Transduction Laboratories and Progen Biotechnik),
GFP (AbCam), and HA (Roche) are described in Supplemental Experimental
Procedures.
Cells and Genetically Modified Mice
Cells used in this study include previously described HeLa and WT, p62/, or
Atg5/ MEFs (Komatsu et al., 2007; Kuma et al., 2004). GFP-LC3 Tg mice
(Mizushima et al., 2004), Atg7F/F:Mx1 mice (Komatsu et al., 2005), p62/Molmice, and Atg7F/F:Mx1:p62/ mice (Komatsu et al., 2007) were used in this
study. Cells were treated and transfected with expression constructs or siRNA
oligos as described in Supplemental Experimental Procedures.
Protein and mRNA Quantifications
The expression levels of the different proteins were detected by immunoblot
assays using the indicated antibodies and mRNA levels detected by quantita-
tive RT-PCR using primers as described in Supplemental Experimental
Procedures.
Confocal Microscope Imaging
Imaging of live cells expressing fusions of fluorescent proteins or fixed and
stained cells were performed in 8-well chambered coverglass slides (Nunc)
using a 403 water immersion objective on an inverted microscope equipped
with a laser scanning unit (Zeiss LSM META).
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and
nine figures and can be found with this article online at http://www.cell.com/
molecular-cell/supplemental/S1097-2765(09)00064-1.
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